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Abstract
General structural features of the chloroplast ATP synthase are summarized highlighting differences between the
chloroplast enzyme and other ATP synthases. Much of the review is focused on the important interactions between the O and
Q subunits of the chloroplast coupling factor 1 (CF1) which are involved in regulating the ATP hydrolytic activity of the
enzyme and also in transferring energy from the membrane segment, chloroplast coupling factor 0 (CF0), to the catalytic sites
on CF1. A simple model is presented which summarizes properties of three known states of activation of the membrane-
bound form of CF1. The three states can be explained in terms of three different bound conformational states of the
O subunit. One of the three states, the fully active state, is only found in the membrane-bound form of CF1. The lack of this
state in the isolated form of CF1, together with the confirmed presence of permanent asymmetry among the K, L and
Q subunits of isolated CF1, indicate that ATP hydrolysis by isolated CF1 may involve only two of the three potential catalytic
sites on the enzyme. Thus isolated CF1 may be different from other F1 enzymes in that it only operates on ‘two cylinders’
whereby the Q subunit does not rotate through a full 360‡ during the catalytic cycle. On the membrane in the presence of a
light-induced proton gradient the enzyme assumes a conformation which may involve all three catalytic sites and a full 360‡
rotation of Q during catalysis. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
The chloroplast ATP synthase, like its closely re-
lated counterparts in bacteria and mitochondria, is
made up of two physically and functionally separable
parts, CF0 (chloroplast coupling factor 0) which is an
integral membrane-spanning proton transport pro-
tein complex, and CF1 (chloroplast coupling factor
1) which is a peripheral membrane protein complex
which contains the catalytic site(s) for reversible ATP
synthesis. The chloroplast F0F1 most closely resem-
bles the bacterial enzyme in its subunit composition
[1]. There is, however, substantial overall structural
similarity among all of the ATP synthases, as well as
a very high degree of amino acid sequence homology
within structurally and functionally important re-
gions of the di¡erent F0F1 subunits [2]. Thus it is
widely accepted that all of the ATP synthases share
a common ancestry, have a common core structure
and almost certainly use the same basic catalytic
mechanism for ATP synthesis or hydrolysis.
The chloroplast ATP synthase is unique among
the ATP synthases in several respects (reviewed in
[3^6]). Perhaps the most important one is the pres-
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ence of a regulatory disul¢de bond in the Q subunit of
CF1 which is reversibly oxidized and reduced in or-
der to tightly control the catalytic activity of the
enzyme. Elucidation of this regulatory redox mecha-
nism has provided much of our insight into the cen-
tral role that the Q subunit plays in the catalytic pro-
cess of all of the ATP synthases [7,8] and, via
£uorescent labeling studies, led to early structural
models of the ATP synthase complex [9^11]. Even
more importantly, they have provided evidence for
the occurrence of signi¢cant structural changes in the
enzyme during activation and catalysis [12,13]. This
article will summarize the most pertinent features of
the chloroplast enzyme and then focus on several
recent studies which have relevance to our develop-
ing understanding of the catalytic mechanism. These
studies will be discussed with special reference to the
rotational model for catalysis which has gained wide
popular support as a basic catalytic feature of the
ATP synthase enzymes [14]. The reader is referred
to the several articles in this volume which review
properties of the bacterial and mitochondrial en-
zymes.
2. Structure of the chloroplast ATP synthase
2.1. Subunit composition and function
The CF0 portion of the chloroplast ATP synthase
has four di¡erent subunit types, designated I to IV,
with molecular masses of 19, 16.5, 8 and 25 kDa,
respectively. The CF1 portion has ¢ve di¡erent sub-
unit types designated K to O with molecular masses
of 55.5, 53.8, 35.9, 20.5 and 14.7 kDa, respectively.
The probable subunit stoichiometry is I1II1III12
IV1K3L3Q1N1O1. Subunits IV, I and III of CF0 are
analogous to subunits a, b and c of the Escherichia
coli F0. Subunits I and II of CF0 are probably gene
duplication products, and correspond to the two
copies of subunit b which are present in the E. coli
F1, and to subunits b and bP of the cyanobacterial
enzyme. All F1 enzymes have multiple copies of the
smallest subunit, subunit III in chloroplasts, which is
often referred to as a proteolipid due to its high sol-
ubility in organic solvents [15]. If isolated CF0 is
treated with sodium dodecyl sulfate (SDS) for 5 min
at 95‡C, monomeric subunit III can be identi¢ed
on SDS^polyacrylamide gels. If, however, the treat-
ment is performed at room temperature, the low mo-
lecular mass subunit III band is replaced by a sharp
100 kDa band consisting of 12 copies of subunit III
[16]. This has provided convincing evidence for the
presence of 12 copies of subunit III associated to-
gether in the native, membrane-embedded CF0 com-
plex.
The mitochondrial enzyme has the same core sub-
unit composition as the chloroplast and bacterial en-
zymes but contains several additional subunits in-
cluding an inhibitor protein which is unique to the
mitochondrial ATP synthase [1]. The chloroplast and
E. coli O subunits are analogous to the N subunit of
the mitochondrial enzyme, with the chloroplast and
E. coli N subunits being analogous to the mitochon-
drial oligomycin sensitivity conferring protein
(OSCP) which is retained by the mitochondrial F0
segment following removal of F1 from the mem-
branes [1]. Six of the nine subunits of the CF1CF0
complex, subunits K, L, O, I, III and IV, are encoded
by chloroplastic DNA and are synthesized inside the
chloroplast. The remaining three, Q, N and II, are
encoded by nuclear DNA and are synthesized in
the cytoplasm and transported into the chloroplast
for assembly [17].
The K and L subunits of CF1 each contain a single
nucleotide binding site. By analogy to the crystal
structure of the mitochondrial F1, the nucleotide
binding sites are located at each of the six K-L sub-
unit interfaces in the K3L3 hexamer [18]. Amino acid
side chains from both subunits contribute structure
to the nucleotide binding site at each K-L interface
although the majority of the structure comes from
one subunit only. There is a broad consensus that
catalytic sites are those located primarily on the
L subunits, whereas those primarily on the K sub-
units are regulatory.
The Q subunit binds asymmetrically to the three KL
pairs in the K3L3 hexamer, conferring special proper-
ties upon each of the three catalytic sites. The Q sub-
unit is also involved in regulating CF1 function (see
Section 3). Both the N and O subunits are probably
involved in forming functional connections between
CFo and CF1 although neither subunit is necessary
for speci¢c binding of CF1 to CF0 [19,20]. The
O subunit potently inhibits the ATPase activity of
CF1 and O may, along with the Q subunit, function
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to link proton-driven conformational changes be-
tween the two parts of the enzyme (see Sections 3
and 4).
2.2. Three-dimensional structure of CF1
The overall topology of the chloroplast ATP syn-
thase has been investigated by electron microscopy
following detergent solubilization and negative stain-
ing with uranyl acetate [21]. The F0 parts are signi¢-
cantly smaller than the F1 parts, are strongly hydro-
phobic and have a tendency to aggregate. The F1
part is roughly spherical with a width of V11 nm
and height of V9 nm. CF1 is linked to CF0 by a
stalk-like structure of V4 nm in length and V3 nm
in width. The length of the stalk was found to be
slightly smaller (V3.2 nm) when the CF1CF0 com-
plex was reconstituted into liposomes. The thickness
of a string of aggregated CF0 molecules was mea-
sured as 7.5 nm. This presumably represents the
length of the membrane-spanning CF0 complex, sug-
gesting that it has a signi¢cant amount of extramem-
branous structure. The diameter of CF0 was esti-
mated to be 6.2 nm [21] and 8.5 nm [22]. These
dimensions are very similar to those of the other
ATP synthases as exempli¢ed by the recently pub-
lished structure of the yeast mitochondrial F1^F0
complex [23].
The F1 portion of the chloroplast ATP synthase
can be released from the thylakoid membrane by
exposure to very low ionic strength [24] or by extrac-
tion of the thylakoid membranes with chloroform
[25]. The isolated CF1 is a globular protein complex
approximating a sphere with a diameter of 90^100 Aî
[26]. Electron microscopy [27,28] revealed that the K
and L subunits form a hexameric ring surrounding a
central cavity. Each K and L occupy alternate posi-
tions in the ring [29]. The electron density due to the
smaller subunits (mainly Q) is found in the central
cavity, sometimes skewed toward an interaction
with one of the three KL subunit pairs [28].
The Q subunit of spinach CF1 contains four cys-
teinyl sulfhydryls, two of which (Cys199 and Cys205)
are linked together in a disul¢de bond. One of the
two free cysteine residues (Cys89) is accessible to
modifying reagents only in membrane-bound CF1
and only in the presence of a light-induced trans-
membrane potential (vWH). This cysteinyl side chain
is termed the light sulfhydryl to distinguish it from
the dark sulfhydryl, the other free cysteine residue at
position 322, which is available for chemical modi¢-
cation under all conditions in the light or dark, both
in the membrane-bound and isolated forms of CF1
[30^32].
The cysteine residues of the Q subunit were labeled
with £uorescent probes and mapped with respect to
each other and to several other sites on CF1 and CF0
using £uorescence resonance energy transfer (FRET)
[9^11]. The other sites included in the map were the
single cysteine residue of the O subunit, three well
characterized nucleotide binding sites (N1, N2, N3)
and a reactive single lysine residue on one of the
three K subunits of CF1. The map correctly ¢xed
the positions of the nucleotide binding sites in a
plane parallel to the membrane surface and approx-
imately half way along the central axis of the KL
hexamer. It also located the O subunit in the center
of the base of CF1, in close proximity to the Q sub-
unit sulfhydryl-containing domains and sandwiched
between CF1 and the membrane surface [10]. In Fig.
1 the FRET coordinates have been superimposed
upon the crystal structure of the beef heart F1 [18].
Taking into account the fact that it is not possible to
directly relate the speci¢c nucleotide binding sites of
CF1 to those on the mitochondrial enzyme, the two
sets of measurements are remarkably consistent with
each other. There is, however, one exception, the
location of the cysteine residue on the second last
amino acid residue of the Q subunit of CF1
(Cys322, the dark site) which is the spot labeled ‘D’
near the base of the KL hexamer in the side view of
Fig. 1. This residue corresponds to the extreme C-
terminal residue of Q in the mitochondrial enzyme
which is located near the top of the KL hexamer,
more than 60 Aî away from its position in the £uo-
rescence map.
The close proximity between the dark and light
cysteines has been con¢rmed by cross-linking experi-
ments [31] and by further FRET measurements in
our laboratory (unpublished experiments) and there-
fore, seem to represent a bona ¢de structural di¡er-
ence between the mitochondrial and chloroplast en-
zymes. Nevertheless, the di¡erence is puzzling and
was not expected since the C-terminus is one of the
few regions of the Q subunit that is highly conserved
among the di¡erent F1 enzymes [2].
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Recent models of the F0F1 structure have pro-
posed that the N subunit of F1 and the b subunit
of F0 form a stator which tethers the KL hexamer
to F0 subunits, leaving the inner core of small sub-
units free to rotate [33]. This prompted a search for a
second stalk in addition to the central stalk, but one
which is located on the periphery of the enzyme.
Such a stalk has indeed been observed [22]. Using
a zero-length cross-linker, Beckers et al. [34] showed
that the N subunit can be cross-linked to an acidic
residue of the C-terminus of subunit I of CF0. Other
cross-linking studies [35] indicated that N is closely
associated both with K and L subunits, possibly bind-
ing more tightly to L since a tight LN complex has
been isolated [36]. Approximately 80% of the surface
of the N subunit is apparently buried when it is
bound to other CF0CF1 subunits as evident from
studies of accessibility to antibodies [37,38] or to
proteolytic enzymes [38]. More recent cross-linking
[39] and £uorescence mapping [40] studies suggested
that the N subunit is located on the outside and in the
top half of CF1 where it would be expected to inter-
act with the N-terminal domains of the K and L sub-
units. The N subunit can be readily removed from
CF1 by treating the enzyme with mild detergents
[41,19] or alcohols [20]. Removal of N has no obvious
e¡ect on the catalytic properties of CF1 but does
weaken the binding interaction between CF1 and
CF0 [19].
Addition of a large molar excess of isolated N sub-
units to thylakoids which had been partially stripped
(V10%) of CF1, blocked the free £ow of protons
across the membrane and restored photophosphor-
ylation, suggesting a possible role of N in gating pro-
ton £ow through the CF1CF0 complex [42]. The ca-
pacity of N to block H conductance is lost upon
storage of the protein at subzero temperatures, but
can be restored by binding N to CF1 lacking N prior
to reconstitution with the membranes [37,43]. The
binding constant for N was estimated to be V1037
M [43]. One or two lower a⁄nity sites may exist,
however, the N subunit tends to aggregate upon re-
moval of the detergent or alcohol used to isolate it,
thus interfering with binding measurements. There is
no evidence to date indicating that more than one N
subunit is required for normal CF1CF0 function. An
important role for N in proton gating was also sug-
gested from the aforementioned cross-linking studies
[34] in which it was implied, although not proven,
that cross-linking N to subunit I of CF0 inhibited
both ATP synthesis and hydrolysis by CF1CF0.
The current models showing N acting as part of a
stator mechanism do not provide any rationalization
for an involvement of N in proton gating. Moreover,
an earlier indication that N may not be absolutely
required for ATP synthesis [19] suggests that further
investigation is needed before a stator function can
be assumed correct.
Circular dichroism [43] and small angle X-ray scat-
tering [44] have indicated that N has a highly elon-
gated structure (axial ratio s 4:1) which was consid-
ered to be consistent with it forming part of the
stalk-like structure evident in electron micrographs.
This is in marked contrast, however, to the recently
published NMR structure of the bulk of the N sub-
unit of E. coli F1 which is globular [45]. This di¡er-
ence may be explained as a tendency of N to form
dimers in solution (S. Engelbrecht, personal commu-
nication).
The three-dimensional structure of the O subunit of
E. coli F1 has been solved by NMR [46] and X-ray
crystallography [47]. The protein is comprised of two
domains, an N-terminal L-sandwich and a C-termi-
nal helix^turn^helix. Homology modeling of CF1 O
using the X-ray coordinates of the E. coli protein,
and energy minimization of the resulting structure,
were performed by Dr. Frank Gibson at the Austral-
ian National University (personal communication).
The close ¢t obtained indicated that the chloroplast
O subunit is not likely to deviate signi¢cantly in its
overall three-dimensional structure from that of the
E. coli protein.
3. Regulation of the chloroplast ATP synthase
3.1. Activation of the latent ATPase activity of CF1
CF1, either in its isolated or membrane-bound
form, is a latent ATPase. The membrane-bound en-
zyme can be activated by reduction of its Q disul¢de
bond by exogenously added DTT provided that a
small vWH is present [48]. The occurrence of the
inactivated, oxidized form of the enzyme is consid-
ered to be physiologically important in order to pre-
vent the futile hydrolysis of ATP in the chloroplasts
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in the absence of a vWH during the night (reviewed
in [7] and [8]). As soon as the vWH exceeds a critical
size upon energization of the thylakoid membrane,
the CF0CF1 protein complex undergoes a conforma-
tional change following which the Q disul¢de becomes
signi¢cantly more exposed to the suspending medium
[49,50]. Under these conditions the disul¢de bridge
can be reduced in vitro by thiol reagents such as
DTT. In vivo, the reduction is brought about by
the protein thioredoxin which is in turn reduced by
ferredoxin during active photosynthetic electron
transport [7,8]. Reduction of the Q disul¢de enhances
the rate of activation of CF1 both for ATP hydroly-
sis and synthesis, the inactive to active transition
requiring a lower vWH for the reduced enzyme
than for the oxidized one. Thus photophosphoryla-
tion is enhanced by 7- to 8-fold at limiting vWH but
is not enhanced at high vWH [51,52].
Isolated CF1 is also activated to hydrolyze ATP
upon reduction of the Q disul¢de bond [50]. Alterna-
tively, activation can be achieved by removing the O
subunit from the enzyme by treating CF1 with alco-
hols or detergents [20]. The e¡ects of DTT reduction
and O removal are additive [10] and probably directly
related to each other in terms of how they a¡ect the
structure of the enzyme. Removing O increases the
solvent accessibility of the disul¢de bond whereas
reducing the disul¢de increases the apparent Kd for
O binding to CF1 [10,53,54]. The fully activated en-
zyme exhibits rates of calcium-dependent ATP hy-
drolysis of ca. 25 Wmol/min per mg of protein. Mag-
nesium-ATP is also an e¡ective substrate for the
enzyme but only in the presence of oxyanions includ-
ing alcohols (ethanol or methanol), detergents such
as octylglucoside, citrate or sul¢te [3]. These addi-
tional activators are thought to act by blocking an
inhibition caused by free Mg2 ions which probably
stabilize the enzyme-bound ADP resulting from ATP
hydrolysis [55^57]. Maximum rates of Mg-ATP hy-
drolysis of s 100 Wmol/min per mg of protein can be
Fig. 1. Overlay of the £uorescence resonance energy transfer structural map of CF1 with the crystal structure of mitochondrial F1.
Eight separate sites on the chloroplast F1 were mapped to each other using £uorescence resonance energy transfer [9^11]. The eight
sites are represented by ¢lled circles and are overlaid on a cross-sectional side view and a top view of the crystal structure of the beef
heart MF1 [18]. KE and LTP are respectively the K subunit associated with the ‘empty’ catalytic site on MF1 and a L subunit associ-
ated with the catalytic site containing the ATP analog AMP-PNP. N1, N2 and N3 are three nucleotide binding sites labeled with
TNP-ADP; LY is lysine 378 on one of the three K subunits labeled with the probe Lucifer Yellow; D, the Q dark sulfhydryl (residue
322); L, the Q light sulfhydryl (residue 89); SS, the Q disul¢de (residues 199 and 205); O, the O sulfhydryl (residue 6). Two reference
points were used for the overlay: the LY site on an K subunit (MF1 K Gln385) and Cys 89 (the ‘light’ site) on the Q subunit (MF1 Q
Cys78).
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achieved in the presence of high concentrations of
oxyanions. The O subunit, and O-de¢cient CF1, can
be prepared in non-denatured forms following treat-
ment of CF1 with ethanol [20]. The O-de¢cient en-
zyme is permanently activated, will rebind speci¢-
cally to thylakoid membranes from which CF1 has
been stripped, but will not prevent the free £ow of
protons across the membrane nor restore proton-
coupled ATP synthesis to the membranes. Recom-
bining the O subunit with the O-de¢cient enzyme re-
verses all of these properties. The O subunit is, there-
fore, not necessary for binding CF1 to CF0, as it is
for the E. coli enzyme [58], but is absolutely required
for all proton-linked functions of the chloroplast
ATP synthase. These latter experiments indicated
that binding of a single O subunit per CF1, with a
dissociation constant of 6 10310 M [10], was su⁄-
cient to restore full coupling activity to the enzyme.
However, evidence has been presented [53] for the
presence of more than one binding site for O on
CF1. A direct and meaningful measurement of bind-
ing constants is, in our experience, di⁄cult to achieve
in this instance since the O subunit is prone to aggre-
gate upon isolation and storage and is di⁄cult to
maintain in a monomeric form.
Removing the O subunit from CF1, in addition to
exposing the Q disul¢de, results in exposure of several
sites on the Q subunit to trypsin [59,60]. Cleavage at
one or more of these sites renders CF1 permanently
and fully active and insensitive to inhibition by O
[10,60]. The positions of the tryptic cleavage sites
are shown in Fig. 2. All but one of the sites are
located in the vicinity of the regulatory disul¢de
bond on Q. The remaining site is located in a putative
loop connecting the two parts of CF1 Q which corre-
sponds to the mitochondrial N-terminal helical do-
main and the short helical segment containing the
highly conserved cysteine residue (Cys89 of CF1 Q).
3.2. Light-induced conformational changes in the
Q and O subunits
In the dark resting state, CF0CF1 of thylakoid
membranes contains tightly bound ADP which is
unable to exchange with nucleotides present in the
medium [61]. Illumination of thylakoids leads to re-
lease of ADP and allows rapid exchange of medium
nucleotides with the CF0CF1 complex ([61]; reviewed
in [3]). The rate of release of ADP parallels the rate
of activation of the ATPase activity of the enzyme in
the presence of DTT [62]. From examination of the
light^dark transition, several di¡erent conformation-
al states of CF0CF1 can be observed. The states pro-
posed in Fig. 3 are based on those proposed earlier
by Strotmann et al. [63] and Schumann [64]. In the
inactive, oxidized state, E3, ADP is very tightly
bound and cannot exchange appreciably with me-
dium nucleotides. Membrane energization converts
the enzyme into the active state, E, in which ADP
is loosely bound to the enzyme and can readily ex-
change with medium nucleotides. The E state is
active in ATP synthesis but cannot hydrolyze ATP
unless the disul¢de bond is reduced and the vWH is
lowered. Upon complete de-energization of the mem-
branes the enzyme slowly reverts from the E to the
E3 form in the absence of ADP and rapidly in the
presence of ADP. The presence of orthophosphate
and magnesium slow the return of the enzyme to
the E3 state [64]. If the disul¢de bond is reduced
by exposure to DTT during the illumination step,
and the vWH is allowed to decay in the dark, a third
recognizable state of the enzyme (designated here as
EI, I denoting ‘intermediate’) is obtained. Addition
of oxyanions to EI can reactivate the ATPase activity
of the enzyme in the absence of a vWH [65]. In this
sense, oxyanions take the place of the vWH in acti-
vating the enzyme to hydrolyze ATP.
Several sites on the Q subunit of CF1 become more
or less solvent-exposed upon illumination of thyla-
koid membranes. These sites, which are also summa-
rized in Fig. 2, include the light and disul¢de sulf-
hydryls which become more exposed, lysine residues
at positions 204, 215 and 231 which become hyper-
sensitive towards tryptic cleavage, and lysine residues
at positions 24, 30, 168, 222 and 231 which exhibit
changes in their reactivity with pyridoxal phosphate
in the light [66,67]. The same tryptic cleavage sites
exposed in the light become exposed on Q following
reduction of the disul¢de bond or upon removal of
the O subunit from isolated CF1. Cleavage of Q by
trypsin in O-de¢cient CF1 renders O completely inef-
fective as an ATPase inhibitor [60]. Tryptic cleavage
of Q at the same sites in CF0CF1 during illumination
results in uncoupling of ATP synthesis and hydroly-
sis to transmembrane proton movement, and in per-
manent activation of the ATPase activity of the en-
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zyme [59,68]. Thus there is some similarity between
the E conformation of CF0CF1 that is induced by
the presence of a vWH and that which results from
removal of the O subunit from isolated CF1. There
are, however, also some important di¡erences. One is
that Lys70, which is exposed by O removal, does not
become exposed on the membrane [60]. Secondly,
Cys89 (the light site) of Q which is exposed upon
illumination of thylakoid membranes does not be-
come exposed when O is removed from isolated
CF1 [4].
The three main identi¢able conformational states
of the ATP synthase can be explained by a simple
model in which each state represents a di¡erent
bound conformation of the O subunit, only two of
which (E3 and EI) are normally present in isolated
CF1. It was proposed elsewhere [4] that the O subunit
oscillates between two bound conformational states
in CF0CF1 as part of an activation process or pos-
sibly as an integral part of the catalytic cycle. In one
state, O is closely associated with CF1, the Q subunit is
resistant to trypsin, the Q disul¢de bond is poorly
accessible to reducing agents, and ADP is non-ex-
changeably bound to CF1. This state corresponds
to the E3 state of CF0CF1 and to the latent state
of freshly isolated CF1. In response to the vWH, O
moves away from CF1 into a close association with
subunit III of CF0. Since the O subunit remains
bound to the Q subunit, as it moves away it pulls
part of the Q subunit along with it, breaking contacts
between Q and the KL hexamer. This results in expo-
sure to the solvent of the light sulfhydryl and changes
in accessibility of other parts of Q which become
more available to trypsin or more or less available
to modi¢cation by pyridoxal phosphate (Fig. 2). This
is the E state of the enzyme which is only observed
in membrane-bound CF1 although, as mentioned
above, it resembles to some extent the arti¢cially
created O-de¢cient state of CF1. Reducing the disul-
¢de bridge in Q results in a conformation of bound O
which is intermediate between that found in the E3
and E states and is observed both on and o¡ the
membrane. This conformation de¢nes the EI state of
CF1.
Changes in the conformation of the O subunit on
membrane-bound CF1 in response to formation of
the vWH have been detected using polyclonal anti-
bodies raised against the isolated O subunit. The anti-
bodies could bind to O on isolated CF1 but not to O
on the latent membrane-bound form of the enzyme.
Upon illumination of membranes the antibodies
gained access to their binding site(s) on O, stripped
the subunit from the membranes and uncoupled ATP
synthesis [69]. Similarly, light induces a 3^4-fold in-
crease in reactivity of Lys109 on the O subunit to
pyridoxal phosphate [70]. Lys109 is located in a short
loop connecting the two helices of the C-terminal
domain of O [47] and this region of O has been shown
to be closely associated with a helical foot of one of
the L subunits in E. coli F1 [71]. From examining the
extent of modi¢cation of Lys109 by pyridoxal phos-
phate, the existence of three di¡erent conformational
states of O was proposed [72]. The three states which
were identi¢ed on the basis of exchangeability of
bound ADP, are induced under conditions essentially
identical to those producing the E3, EI and E states
described above and thus provide strong support for
the proposed model.
The three states of CF1 could be generated by a
rotary catalytic mechanism in which the Q and O sub-
units rotate together, along with CF0 subunits, con-
tinuously forming and breaking contacts with the KL
hexamer. However, it is important to emphasize that
the E state is unique to the membrane-bound form
of CF1 and has no obvious natural counterpart in
isolated CF1. This could mean either that ATP syn-
thesis on the membrane involves a di¡erent confor-
mational pathway than ATP hydrolysis by the iso-
lated enzyme, or that the transition between E3 and
E represents an activation process which precedes
catalysis in the membrane-bound enzyme. In the lat-
ter case, which we consider most likely, the vWH
would have to act at two levels, one to move the
O subunit into an alternate conformation in which
it still remains tightly bound to CF1 but is no longer
inhibitory, and at a second level to drive the catalytic
cycle.
Crosslinking studies [73,74] and peptide labeling
studies [75] have indicated that part of the chloro-
plast O, like the E. coli O [76] is in close proximity to
subunit III of CF0. The E. coli O can also be cross-
linked to K helical regions of K and L subunits [77].
Similarly, £uorescence experiments have mapped
Cys6 of O to within a few Aî of the base of the KL
hexamer in CF1 [11]. These observations argue that
the O subunit spans the distance between the proton
BBABIO 44843 22-5-00 Cyaan Magenta Geel Zwart
M.L. Richter et al. / Biochimica et Biophysica Acta 1458 (2000) 326^342332
channel and the KL hexamer with the base of the
L sandwich contacting subunit III and part of the hel-
ical domain contacting a helical foot of one of the
L subunits. It is interesting to note that the recently
published structure of yeast mitochondrial F0F1
[23] shows the probable location of the O subunit
(mitochondrial N) in close association with the ring
of c subunits (chloroplast subunit III) with the clos-
est part, the second helix of the helical domain, being
a signi¢cant distance (V40 Aî ) from the base of the
KL hexamer. These observations are consistent with
the nucleotide exchange and labeling experiments
which indicate that the O subunits can exist in di¡er-
ent conformational states within the F0F1 complex.
3.3. Binding interactions between the O subunit and
other CF1 subunits
Fluorescence mapping [10], cross-linking [78] and
solvent accessibility changes [66,70] have all indicated
that the O subunit is in close proximity to the Q sub-
unit on CF1. Bifunctional cross-linkers attached to
cysteine residues at position 6, 28 and 41 of CF1 O
[78] and residues 10, 38 and 43 of E. coli O [79] all
formed cross-links with the Q subunit. These residues
are located either on the same face of the N-terminal
L-sandwich domain (residues 6, 10 and 43) or on the
end of the L sandwich which is furthest away from
the C-terminal domain (28, 38 and 41), suggesting
that these two regions of O are close to Q. Cross-link-
ing O to Q via cysteine residues at positions 28 and 41
inhibited the Ca2-dependent but not the Mg2-de-
pendent ATPase activity or ATP synthesis by CF1
[78], which is puzzling. Recent unpublished experi-
ments from Richard McCarty’s group (personal
communication), experiments that we have also re-
peated, indicated that tryptophan at position 57 of
Fig. 3. Activated states of CF1. Three recognizable states of
membrane-bound CF1 are indicated. The E3 state is the latent,
inactivated state of CF1 which typically has ADP very tightly
bound. Formation of a vWH converts the enzyme into the ac-
tive conformation, E. This form of the enzyme is active in
ATP synthesis. Addition of DTT to E and subsequent dissipa-
tion of the vWH results in an intermediate form of the enzyme,
EI in which the Q disul¢de bond is reduced. This form of the
enzyme actively hydrolyzes ATP in the presence of a small
vWH or in the presence of oxyanions such as methanol or sul-
¢te [49,64,65,112,113].
Fig. 2. Model showing sites on the Q subunit of CF1 which be-
come exposed during activation. Lysines 24, 30, 168, 222 and
231 become more or less reactive with pyridoxal phosphate fol-
lowing formation of a vWH across thylakoid membranes
[66,67]. Lysines and arginines at positions 204, 215 and 231 be-
come hypersensitive to trypsin, the Q disul¢de becomes exposed
to reducing agents and cysteine 89 becomes solvent-exposed
upon formation of a vWH across thylakoid membranes
[30,31,50,59]. Lysines and arginines at positions 70, 204, 215
and 231 become hypersensitive to trypsin and the Q disul¢de be-
comes exposed to reducing agents upon removal of the O sub-
unit from isolated CF1 [10,60].
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the CF1 O subunit, which is on the opposite side of
the L sandwich to residues 6, 10 and 43, also comes
into direct contact with part of CF1, probably Q, as
evident from a large (s 8-fold) increase in the £uo-
rescence lifetime and decrease in anisotropy of this
residue upon O-binding.
The fact that removing O from CF1 results in an
increased solvent exposure of the regulatory disul-
¢de-containing region of Q suggested that this region
may be directly involved in an important functional
binding interaction with O [60]. This conclusion was
supported by the observation that reducing the
Q disul¢de bond results in an approximately 20-fold
decrease in the binding a⁄nity of O for CF1 [52,53].
More recently, Hisabouri et al. [80] deleted a section
of the regulatory region of Q between residues 194
and 230, which includes the two disul¢de bond-form-
ing sulfhydryls. The mutant Q was assembled with the
K and L subunits of a thermophilic bacterium and
the catalytic activity of the resulting hybrid enzyme
was insensitive to added O subunit. This result is in
stark contrast to similar experiments performed in
our laboratory. Gao et al. [81] described methods
of isolating and re-assembling the Q subunit and a
hexameric K3L3 complex from CF1. The wild-type
Q subunit was substituted with a Q mutant missing
the entire regulatory region between residues 197
and 240. The mutant Q assembled with the K3L3 com-
plex into a fully active enzyme which exhibits normal
sensitivity to the inhibitory O subunit (unpublished
experiments). The reason for the di¡erence between
this and the CF1-TF1 hybrid study is not clear. The
hybrid enzyme, however, exhibited very low catalytic
rates and the wild-type hybrid enzyme with the
Fig. 4. Sites of contact between the Q C-terminus and loop segments of the K and L subunits. A cross-sectional view of part of the
crystal structure of the beef heart mitochondrial F1 is presented showing two loop segments (space¢lled), an upper loop segment and
a lower loop segment on each of the six K and L subunits, some of which form contacts with the C-terminus of the Q subunit. The
upper loops form a hydrophobic sleeve of amino acid residues surrounding the C-terminal tip of Q and are thought to act as a bearing
for rotational catalysis [18]. The lower loop segments provide amino acid side chains which form hydrogen bonds with residues on
the C-terminus of Q [18]. The positions of deletions of 14 amino acids and 20 amino acids from the C-terminal tip of Q are indicated
by the arrows.
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Q disul¢de oxidized, unlike CF1, was not inhibited by
the O subunit. Thus the Q subunit may exist in an
abnormal conformation in the hybrid enzyme which
may account for the observed di¡erences.
The Q subunit isolated from CF1 was shown to
compete poorly with CF1 lacking the O subunit for
O-binding indicating only a weak direct binding in-
teraction between O and Q. The K3L3 hexamer did not
appear to bind O at all. In contrast, assembling the
hexamer with the Q subunit regenerated the high-af-
¢nity O-binding site [81]. These observations suggest
either that the K, L and Q subunits all contribute to
the O-binding site, or that binding of Q to the K3L3
hexamer induces a new conformation in Q which
binds O tightly. If the O subunit binds to two regions
of Q, as suggested for E. coli F1 [82], it is possible that
assembly of Q with the hexamer brings the two re-
gions close together to form the O-binding site. The
binding site might be stabilized by formation of the
Q disul¢de which would explain why reducing the
disul¢de lowers the O-binding a⁄nity.
4. Cooperative interactions among nucleotide binding
sites
4.1. Alternating sites and rotational catalysis
Incubation of the mitochondrial F1 with sub-stoi-
chiometric amounts of substrate MgATP leads to its
very tight binding (dissociation constant of
6 10312M) and slow hydrolysis (Vmax = 1033 s31) at
a catalytic site on the enzyme [83]. At higher sub-
strate concentrations, catalytic turnover with the
concurrent release of product ADP from this site is
increased by several orders of magnitude. This ap-
parent cooperativity is assumed to result from con-
formational changes induced by binding of nucleo-
tide at a second catalytic site. Catalysis at the ¢rst
site is referred to as ‘unisite catalysis’ whereas that
involving more than one site under steady state con-
ditions in the presence of higher substrate concentra-
tions, is thought to involve at least two and possibly
more than two catalytic sites and is often termed
‘multisite catalysis’. Unisite MgATP hydrolysis has
also been shown to take place in E. coli [84] and in
the F1 from a thermophilic bacterium [85] but has
not been reported for isolated CF1, although unisite
CaATP hydrolysis has [86]. CF1 does, however, bind
ADP very tightly at a catalytic site and the ADP is
rapidly released in the presence of high concentra-
tions of metal-nucleotide [85,87,88], demonstrating
the presence of catalytic cooperativity among nucle-
otide binding sites. The lack of expression of unisite
MgATP hydrolysis probably results from a lower
dissociation constant for MgADP bound in the cat-
alytic site on CF1 compared to the mitochondrial
and bacterial enzymes. Thus, product ADP does
not dissociate appreciably from the catalytic site dur-
ing the time course of the experiment.
Unisite hydrolysis of MgATP has been reported
for CF0CF1 and requires the presence of a low
vWH [89,90]. The rate constant for the unisite catal-
ysis (at sub-stoichiometric concentrations of ATP)
was V0.1 s31 compared to 40^100 s31 for catalysis
at higher ATP concentrations. The unisite rate con-
stant is signi¢cantly higher than that originally re-
ported for mitochondrial F1 [83] but is similar to
that reported recently for the mitochondrial enzyme
under similar experimental conditions [91]. It was
also possible to show that higher concentrations of
ATP promoted unisite turnover by several-fold [90],
again demonstrating the existence of catalytic coop-
erativity in this system. The requirement for vWH
for unisite hydrolysis is consistent with the known
e¡ect of vWH in reducing the a⁄nity of CF1 for
the tightly bound ADP.
The existence of tight and loose nucleotide binding
sites, and the observed cooperativity among nucleo-
tide binding sites on F1 enzymes, formed the basis of
the ‘binding change’ hypothesis [92] which, in its
most recent form, proposes that each of three cata-
lytic sites sequentially alternates between three di¡er-
ent conformational states during the catalytic cycle
[93]. Cross [94] summarized the important features of
this model. The structural asymmetry required to
induce di¡erent conformational states at each of
the di¡erent nucleotide binding sites must result
from an interaction between the K3L3 hexamer and
the Q subunit, since CF1 lacking the N and O subunits
retains full catalytic cooperativity [95] whereas the
K3L3 hexamer does not [81]. The idea that nucleotide
binding sites sequentially alternate through three dif-
ferent conformational states led to the proposal [96]
that the KL subunits rotate relative to the smaller
subunits. Conformational changes associated with
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nucleotide binding would drive the rotation in one
direction during ATP hydrolysis, whereas proton
binding would drive rotation in the opposite direc-
tion during ATP synthesis. A suggested analogy is
the proton-driven £agellar motor [97]. Experimental
results obtained independently from several labora-
tories [98^100] have strongly supported the ‘rotation-
al catalysis’ model which is described in greater detail
in the accompanying articles on the mitochondrial
and bacterial ATP synthases in this volume.
4.2. Site-switching
Treatment of CF1 with the vinyl-sulfone derivative
of the £uorophore Lucifer Yellow results in selective
labeling of a single lysine residue at position 378 on
one of the three K subunits [101]. The labeled lysine
was mapped to a single unique locus on CF1 using
£uorescence resonance energy transfer between Luci-
fer Yellow and labels speci¢cally attached to other
sites on CF1. Repeated exposure of CF1 to Lucifer
Yellow under turnover conditions would be expected
to increase the amount of label incorporated to a
maximum of three assuming the asymmetry were
constantly changing as the Q subunit rotated during
catalysis. The stoichiometry, however, saturated at
one and did not signi¢cantly increase further during
turnover [101] therefore suggesting that the asymmet-
ric interactions between the Q subunit and the K3L3
hexamer that lead to asymmetry among the three K
subunits are a permanent feature of the isolated en-
zyme.
Since labeling of CF1 with Lucifer Yellow did not
signi¢cantly a¡ect catalytic activity it was possible to
use Lucifer Yellow as a reference point for FRET
measurements to follow changes in the relative posi-
tions of nucleotide binding sites on the enzyme dur-
ing catalytic turnover [13]. This was done by follow-
ing changes in FRET between Lucifer Yellow and
the £uorescent nucleotide analog trinitrophenyl-la-
beled ATP (TNP-ATP) bound at a single well-char-
acterized high-a⁄nity nucleotide binding site on CF1.
This site is considered to be a catalytic site since it is
capable of converting bound ATP to bound ADP
and the bound ADP dissociates rapidly upon initia-
tion of multisite catalysis [87]. Indeed, a signi¢cant
increase in energy transfer occurred between the Lu-
cifer Yellow and bound TNP-ATP when the TNP-
ATP was added immediately following catalytic turn-
over by DTT-activated CF1. The calculated decrease
in average distance between Lucifer Yellow and
bound TNP-ATP suggested that the tight TNP-
ATP binding site becomes randomly distributed be-
tween two of the potential three catalytic nucleotide
binding sites on the enzyme. The same conformation-
al change which leads to randomization of the tight
TNP-ATP binding site is also induced by binding of
the poorly hydrolyzable nucleotide analog, adenyl-
L,Q-imidodiphosphate (AMP-PNP) to the enzyme
[13]. This experiment provided the ¢rst direct dem-
onstration that at least two putative catalytic sites on
the F1 enzyme switched properties with each other
during ATP hydrolysis as predicted by the ‘binding
change’ hypothesis.
Interestingly, the conformation which is induced in
CF1 by enzyme turnover or by AMP-PNP binding
slowly relaxed to the former asymmetric state after
removal of medium nucleotide [13]. Once more this
indicates the presence of permanent asymmetry in
isolated CF1. The relaxation process might involve
the slow reformation of the inactive E3 state of
CF1 with O returning to its tightest binding confor-
mation while the Q disul¢de bond is reformed. This
possibility is supported by the observation that bind-
ing of the O subunit to CF1 prevents the AMP-PNP-
induced release of tightly bound ADP from the en-
zyme [3].
4.3. A ‘two-cylinder’ model for catalysis by CF1
The permanent asymmetry of CF1 which leads to
the speci¢c labeling of one of the three K subunits by
Lucifer Yellow was further investigated with a view
to determining the subunit interactions responsible
for the asymmetry [102]. When the K3L3 hexamer
isolated from CF1 was treated with Lucifer Yellow
it was shown to bind three moles of probe per mole
of hexamer, indicating that all three K subunits
present were in equivalent conformations. Upon re-
constituting the hexamer with the isolated Q subunit,
the enzyme assumed an asymmetric state which
bound only one mole of Lucifer Yellow per mole
of enzyme. Similarly, when the two smallest subunits
of CF1, N and O, were selectively removed from the
enzyme, Lucifer Yellow still labeled only one of three
K subunits. The results clearly demonstrate that the
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Q subunit is responsible for conferring asymmetry to
the K subunits of CF1 which becomes a permanent
feature of the isolated enzyme. This ¢nding is very
di⁄cult to explain if the Q subunit rotates relative to
the K and L subunits during catalysis by CF1, in
which case the Lucifer Yellow site should randomize
among the di¡erent K subunits. The most plausible
explanation for this apparent paradox is that CF1
can catalyze ATP hydrolysis without rotation, per-
haps by using a mechanism in which two, rather than
three, catalytic sites alternate properties during the
catalytic cycle.
The idea that isolated CF1 utilizes fewer than three
catalytic sites could explain several of the observed
di¡erences between CF1 and other F1 enzymes. The
highly latent state of CF1 is unique among the F1
enzymes. Nucleotide (ADP) bound in a catalytic site
cannot exchange e¡ectively with nucleotides in the
medium until the enzyme is ¢rst activated by reduc-
ing the Q disul¢de bond. Under these conditions the
enzyme is only partially activated, will hydrolyze
CaATP at reasonably high rates but it hydrolyzes
MgATP, the physiological substrate, very slowly
(6 1 unit/mg protein). In the latter case the reaction
product, MgADP, remains very tightly bound to
CF1, especially in the presence of excess concentra-
tions of Mg2 which essentially lock the ADP into
the catalytic site, blocking catalytic turnover. Expres-
sion of reasonable catalytic rates of MgATP hydro-
lysis requires the presence of high concentrations of
oxyanions which arti¢cially lower the a⁄nity of ADP
allowing its release from the enzyme [56,57]. Under
optimal conditions, rates of 100 units per mg of pro-
tein can be obtained. A simple interpretation of this
e¡ect is that CF1 is unable to assume the fully ‘open’
con¢guration at participating catalytic sites which is
necessary to allow e¡ective release of product ADP
in the absence of oxyanions. This is not true for
E. coli F1 which is essentially insensitive to oxyanions
and exhibits high rates of MgATP hydrolysis without
additional activation requirements [103]. Similarly,
the R. rubrum F1 is markedly less sensitive to oxy-
anions than CF1 [104]. Thus the bacterial enzymes,
unlike CF1, may sample the full complement of con-
formational states during the catalytic cycle, includ-
ing the fully ‘open’ state.
The number and properties of nucleotide binding
sites on CF1 has been intensively studied (reviewed in
[3]). Using nucleotides tagged with radioactive or
£uorescent probes, the properties of two likely cata-
lytic sites were identi¢ed. One of these sites, site 1
using Hammes’s notation [105,106], binds ADP or
ATP tightly in the absence of divalent cations and
the nucleotide stays bound following gel ¢ltration.
The second site, designated site 3, binds TNP-ATP
with a lower a⁄nity (Kd of V3 WM). No other cata-
lytic sites were detected and, if present, were assumed
to have Kd values in the millimolar range or greater
[11]. By following the rate of release of labeled ADP
from site 1 it was concluded that a cooperative rela-
tionship might exist between site 1 and site 3 during
steady state catalysis [87]. On the basis of the argu-
ment that participating catalytic sites on CF1 cannot
assume the fully ‘open’ conformation, then sites 1
and 3 are likely to be equivalent to two of the three
sites, the ‘tight’ and ‘loose’ sites respectively, pro-
posed in the alternating sites model [94].
Clues as to the speci¢c subunit interactions which
determine the asymmetry among the nucleotide bind-
ing sites on CF1 may be obtained by examining the
crystal structure of the mitochondrial enzyme [18].
The three L subunits are in three di¡erent conforma-
tions, one with ADP bound, one with AMP-PNP
bound and a third which is empty. At the ‘empty’
site there is a much lower degree of apression of the
adjacent surfaces of the K and L subunits which form
the nucleotide binding site. Lysine 389 on the K sub-
unit at this site, which is equivalent to Lys 378 which
binds Lucifer Yellow on CF1 K, is located several
Aî ngstroms below the plane of the nucleotide binding
sites but on the outer periphery of K facing into the
K-L subunit interfacial region. Lysine 389 at this site
should be freely accessible to Lucifer Yellow. In con-
trast, the equivalent residues on the other two K sub-
units are partially buried due to a greater degree of
apression between the surfaces of the K and L sub-
units at these sites. This could, therefore, explain the
di¡erential reactivity of the three K subunits toward
Lucifer Yellow. This would also imply that a nucle-
otide binding site on CF1 which is akin to the
‘empty’ site on the mitochondrial enzyme is the tar-
get for Lucifer Yellow and that this site remains a
¢xed feature during catalysis by CF1. The other two
sites on CF1 which are involved in catalysis would
then be similar to the ‘ADP’ site (the ‘tight’ site) and
the ‘ATP’ site (the loose site) on MF1.
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Further examination of the crystal structure re-
veals that the N-terminal helix of the Q subunit
makes contact with a helical loop which contains
the conserved DELSEED sequence of the ‘empty’ L
subunit. It is this contact that probably prevents
binding of nucleotide to the L subunit by holding
the helical loop downwards thereby forcing the nu-
cleotide binding site into the ‘empty’ conformation
[18]. The N-terminal helix of Q is also in close contact
with the K subunit which is associated with the
‘empty’ site. The points of contact are near the
base of the KL hexamer. Since the sites of contact
involve conserved regions of all three subunits, it is
reasonable to speculate that the same contacts give
rise to the catalytic site with the ‘open’ conformation
on CF1 and that this interaction may be responsible
for generating the Lucifer Yellow labeling site on
CF1. In the two-site catalytic cycle proposed here,
the contacts between the N-terminus of Q and the
‘empty’ KL pair would remain intact throughout
the catalytic cycle whereas other interactions between
the Q subunit and the two other KL pairs would
change to a¡ect the site-switching process. Such a
change could involve a partial rotation of one seg-
ment of the Q subunit, a simple oscillation back and
forth, or both. For example, part of the C-terminus
of Q which asymmetrically contacts anionic loops of
K and L (see Section 4.4 and Fig. 4) may be partly
responsible for switching between the ‘tight’ and
‘loose’ conformations of the associated catalytic sites.
It is not di⁄cult to visualize that such contacts could
oscillate between two or three KL pairs with rela-
tively small changes in side-chain orientation without
requiring a full or even partial rotation of the Q sub-
unit. This would still be compatible with the ob-
served change in orientation of a chromophore at-
tached to the Q C-terminus which occurs during
catalysis [99,107].
A two-site catalytic mechanism would most likely
be an artifact of isolating CF1 from the membrane
rather than a bona ¢de reversal of the pathway for
ATP synthesis. Indeed, we noted earlier that the ac-
tive E form of the membrane-bound enzyme does
not have a true counterpart in isolated CF1, indicat-
ing that the enzyme behaves di¡erently on the mem-
brane when it is coupled to proton translocation.
This is most evident from the fact that there is a
concurrent altered reactivity of several lysine or argi-
nine residues, as well as the exposure of the light
sulfhydryl on the Q subunit, associated with forma-
tion of the E form on the membrane. Two of the
lysine residues, those at positions 24 and 30 (see Fig.
2) are on the Q N-terminus in the immediate vicinity
of the sites of contact between Q and the K and L
subunits which form the ‘empty’ site on MF1. Lysine
24 is partly shielded from the solvent whereas Lys30
appears to be directly in contact, perhaps forming a
salt link, with Asp409 on the K subunit of MF1. The
altered reactivity of these residues upon forming the
vWH probably results from a conformational change
which alters their local environments. The fact that
this change is only observed on the membrane in
response to the vWH argues strongly in favor of
the existence of this contact as a permanent asymme-
try feature of the isolated enzyme. The observation
further suggests that the asymmetry of CF1 changes
when the enzyme assumes the E conformation on
the membrane, perhaps in such a way that all three
catalytic sites become structurally equivalent and
may participate in the catalytic cycle.
4.4. The role of the Q C-terminus in catalysis
A cross-sectional view through the structure of the
beef heart mitochondrial F1 is shown in Fig. 4. The
tip of the C-terminus of the Q subunit, more speci¢-
cally the last 7^10 residues, is surrounded by a sleeve
of residues formed by part of the tightly packed
L-barrel domains of the six K and L subunits. The
sleeve residues, located in the upper space-¢lled re-
gions on the K and L subunits shown in Fig. 4, have
an overall hydrophobic character as do the nearby
residues on the Q subunit. It was proposed that a
hydrophobic contact between Q and the surrounding
sleeve, or bearing, could allow the Q subunit to act as
a spindle around which the KL hexamer could rotate
with minimum frictional resistance [18]. The base of
the C-terminal helix of Q is o¡set from the central
axis of the hexamer by ca. 7 Aî , so that, provided it
remained rigid, it would sequentially and reversibly
come into contact with regions of the K and L sub-
units during rotation to create the required asymme-
try among the nucleotide binding sites.
In a recent study [108] we prepared eight mutant
Q subunits containing successively larger deletions
from the C-terminus starting with a deletion of six
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residues and ending with a deletion of 20 residues.
The mutant proteins were assembled with the native
KL complex and tested for calcium- and magnesium-
dependent ATP hydrolysis activities. We reasoned
that if this region of Q was indeed acting as the tip
of a spindle for rotation, or if it was in any way
critical for catalysis by CF1, for example if it is in-
volved in conferring asymmetry to nucleotide bind-
ing sites, the deletion should result in a complete loss
of catalytic activity. Remarkably, removal of the ¢rst
fourteen residues from the C-terminus resulted in a
marked activation of the catalytic activity of the en-
zyme. Deletion beyond the ¢rst fourteen residues re-
sulted in a steady loss of activity although the mu-
tant containing Q with 20 residues deleted from the
C-terminus was still about 20% as active as the en-
zyme assembled with the wild-type Q. With the ex-
ception of the deletion 20 mutant, the assembled en-
zymes were sensitive to inhibition by the O subunit
and tentoxin, both speci¢c allosteric inhibitors of
CF1 ; a strong indication that the mutant enzymes
followed the usual cooperative catalytic pathway.
It is noteworthy that a similar result was obtained
for E. coli F1 [109]. In that case, membranes contain-
ing the mutant enzyme retained a limited catalytic
activity (ca. 10% of both ATP hydrolysis and syn-
thesis) following deletion of 10 residues from the C-
terminus. Deletion of more than 10 residues resulted
in a complete loss of activity although the enzyme
correctly assembled on the membrane. The greater
sensitivity of the E. coli enzyme to deletion of C-
terminal residues may re£ect a di¡erent structural
requirement for catalysis by the F0F1 complex than
for the isolated F1. Alternatively, and more likely,
the di¡erence may have resulted from the fact that
ATP hydrolysis by the E. coli enzyme, unlike isolated
CF1, was coupled to proton translocation. Thus the
C-terminus of Q may be more critical for proton-
linked activity than for hydrolysis by the isolated
enzyme, especially if the isolated enzyme has less
stringent structural requirements as indicated in the
Section 4.3. The activities of the E. coli F1 mutants
o¡ the membrane was unfortunately not investi-
gated.
The chloroplast Q subunit has a glycine residue at
position 310, 14 residues in from the C-terminal end.
Most secondary structural prediction algorithms pre-
dict a break in the C-terminal helix at this position.
If CF1 Q were to turn back on itself at the position of
the break, the cysteine at position 322 would face
toward the bottom part of CF1 (i.e., toward the
membrane in CF1CF0) and come close to the posi-
tion of this residue determined by £uorescence dis-
tance mapping [9,31]. This would create a three-helix
bundle in the central cavity of the enzyme rather
than the two-helix bundle identi¢ed in the mitochon-
drial enzyme [18]. The remainder of the Q C-terminus
could still retain an orientation similar to that in
MF1 such that the other interactions/contacts be-
tween Q and the KL subunits, which were identi¢ed
in MF1 as likely to be primarily responsible for cre-
ating asymmetry among the di¡erent catalytic sites
[18], might be conserved in CF1. Deleting the 14 C-
terminal residues from CF1 Q would remove the third
helix from the central bundle, possibly decreasing the
number of contacts between Q and the KL subunits.
This could have the e¡ect of loosening the structure,
thereby weakening the nucleotide a⁄nity giving rise
to an increased rate of product ADP release and a
resulting increased catalytic turnover [108].
The decrease in catalytic activity accompanying
deletion of 16 or more residues may have resulted
from an interference with important contacts be-
tween Q and the KL hexamer. For example, the argi-
nines at positions 254 and 256 in MF1 are sur-
rounded by a ring of nine charged residues located
on six loop segments of the K and L subunits, shown
as the lower space-¢lled residues on the K and L sub-
units in Fig. 4. In the MF1 structure, Arg254 and
Gln255 form hydrogen bonds with adjacent residues
on the K and L subunits. Assuming that CF1 has a
similar arrangement in this region of Q, deleting res-
idues in the near vicinity of this site of contact would
be expected to signi¢cantly compromise catalytic
function as was observed. Deleting the 18th and
20th residues from the Q C-terminus, Arg304 and
Gln305 (equivalent to Arg254 and Gln255 in MF1),
resulted in a complete loss of response of the remain-
ing catalytic activity to the inhibitory e¡ects of ten-
toxin [108]. In this respect, the resulting enzyme
closely resembles a stabilized form of the K3L3 hex-
amer reported previously [110] which can hydrolyze
ATP at signi¢cant rates but appears to have lost
cooperativity among the catalytic sites. These obser-
vations are consistent with an involvement of this
region of the Q subunit in CF1 in the cooperative
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interplay between di¡erent catalytic sites on the en-
zyme.
Until the three-dimensional structure of the chloro-
plast ATP synthase is obtained, many of the pro-
posed di¡erences that have been suggested in this
review to exist between the chloroplast F1 and other
forms of the enzyme will remain speculative. The
recently reported crystallization of the chloroplast
F1 [111] provides hope that such a structure may
be forthcoming in the near future.
Following submission of this review, Hisabori et
al. [114] published the results of a study in which
£uorescent actin ¢laments attached to the Q and O
subunits of CF1 were observed to rotate. The ob-
served rotations were, however, highly sporadic and
were not sustained for signi¢cant periods of time
when compared with ¢laments attached to the Q sub-
unit of the thermophilic F1 [100]. Moreover, unlike
similar studies with the TF1 or E. coli F1 enzymes,
the major movement observed with ¢laments at-
tached to CF1 was a marked wobble, or back and
forth oscillation, sometimes involving a full rotation
in one direction and then in the reverse direction
[114]. Given the angle of observation of the ¢laments
(see the author’s web page) it is quite feasible that
the wobble, and even occasional rotation, resulted
from oscillation of the attachment site on the Q and
O subunits back and forth between two positions
without involving a full 360‡ rotation. This would
be consistent with a catalytic cycle involving two
rather than three catalytic sites. However, extreme
caution should be taken in interpreting the observed
¢lament movements. A direct correlation between
ATP hydrolysis and ¢lament movement was not
demonstrated. Furthermore, contrary to the claim
in the paper and in contrast to the TF1 system
[100], there was clearly no discernible relationship
between the rate of rotation and the length of the
actin ¢lament.
The observed rate of rotation of the actin ¢lament
attached to CF1 was tenfold higher than expected
from the measured rate of ATP hydrolysis of the
CF1 preparation measured after the protein was de-
rivatized with streptavidin. The di¡erence between
the two rates should be even greater with a huge
actin ¢lament attached to the streptavidin. This
raises concerns about the kinetic competence of the
enzyme under the experimental conditions used. The
catalytic rate constant measured with strapavidin at-
tached to CF1 was between 0.2 and 0.8 s31 depend-
ing on the solution pH and temperature. These val-
ues lie between 0.1 and 1.0 percent of the optimal
catalytic rate that we have measured for the under-
ivatized enzyme (200 to 500 s31) under similar exper-
imental conditions. Attaching the actin ¢lament to
the streptavidin, as well as attaching the derivatized
CF1 to the glass surface of the £ow cell, would be
expected to lead to a signi¢cant further lowering of
the catalytic rate. It would not be at all surprising if
the enzyme was completely inhibited under these
conditions and the observed rotation which is rare,
sporadic and hugely variable is an artifact of the
experimental setup. Clearly, much more work is
needed to establish the catalytic mechanism of the
enzyme in vitro and, more importantly, under phys-
iological conditions on the membrane.
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